The magnetic anisotropy of monatomic Fe films on Pd(001) with or without a Pd overlayer was investigated from the standpoint of interface atomic structures. Quantitative analysis included low-energy electron diffraction and x-ray magnetic circular dichroism (XMCD) experiments, and first-principles calculations were also performed on monatomic Fe and Pd/Fe systems. It was revealed that Fe atoms intermix with the Pd substrate at room temperature. A spin reorientation transition occurs at a critical Fe thickness of 1.2 monolayers (ML) in Fe/Pd(001), while in-plane magnetic anisotropy is persistent in Pd/Fe/Pd(001) throughout the entire sample. The Fe 3d spin and orbital magnetic moments for both systems are strongly enhanced near 1 ML Fe thickness, as compared to those of the bulk iron crystal. In addition, an induced magnetic moment in interfacial Pd atoms was observed by XMCD at the Pd M 2,3 core absorption edges. It was concluded that the L1 0 -like tetragonally distorted interface atomic structure in monatomic Fe/Pd(001) induces the perpendicular magnetic anisotropy.
I. INTRODUCTION
Magnetic thin films and multilayers have been studied intensively over the past few decades because of their possibly wide applications in high-performance electronic devices exploiting the spin degrees of freedom. 1, 2 In practical applications, perpendicular magnetic anisotropy (PMA) 3 and giant magnetoresistance 4, 5 are the key operational principles for ultra-high-density magnetic storage devices. From a basic science standpoint, they are suitable for studying the peculiar magnetic properties driven by a reduced dimensionality, such as the reduction of Curie temperature and an enhanced magnetic moment with a lower number of coordinates. As a guideline for future magnetic material design, the underlying mechanism of these magnetic properties needs to be unveiled.
Among several magnetic multilayer systems, Pt/Fe monatomic film is known to exhibit a strong PMA. 6, 7 In order to reveal the relationship between the magnetic anisotropy and electronic structures of ultrathin magnetic films, a systematic study of various combinations of 3d ferromagnetic elements and nonmagnetic substrate is necessary. Palladium is a 4d paramagnetic element on the verge of ferromagnetism because of its high density of states right at the Fermi energy. 8 Fe-Pd alloys, thin films, and multilayer systems have been studied for decades because of their fascinating magnetic properties. In particular, an FePd ordered alloy with an L1 0 structure exhibits uniaxial magnetic anisotropy. 9, 10 Fe-Pd systems are expected to be potential candidates for compounds whose magnetic anisotropy can be manipulated using an electric field because of their relatively low magnetic anisotropy energy, as compared to others such as Fe-Pt systems. Recent experimental 11 and theoretical 12 results indicate the large electric-field effect in Fe-Pd systems.
To date, several experimental and theoretical studies have been conducted for Fe monatomic films on Pd(001). However, the growth mode and interfacial atomic structure of the system, which could be responsible for its peculiar magnetism, are still controversial. The reported results are diverse, for instance with respect to the growth mode, from island formation 13 to layer-by-layer growth.
14 There are also controversial results regarding Fe-Pd alloy formation at the interface when the films are grown at room temperature (RT). [15] [16] [17] Meyerheim et al. attributed the varying Fe-Pd alloy formation results to a slight difference in the substrate temperature during Fe deposition. 17 Surface magneto-optical Kerr effect (SMOKE) measurements by Liu and Bader showed a PMA for Fe films with a thickness below 2.5 monolayers (ML) grown at 100 K, while in-plane magnetic anisotropy appears below 3 ML at 300 K. 18, 19 The appearance of PMA was attributed to the formation of a smooth Fe/Pd interface without intermixing for growth at low temperature. Several x-ray magnetic circular dichroism (XMCD) experiments for Fe/Pd films and multilayers have also been reported. [20] [21] [22] [23] Le Cann et al. reported a constant Fe 3d spin magnetic moment in a wide thickness range from a few ML to 40 ML and an enhanced Fe 3d orbital magnetic moment with decreasing Fe film thickness.
To get a unified picture, the magnetic properties of the submonolayer or monolayer regime of Fe films need to be clarified. A quantitative determination of the magnetic moments of submonolayer and monolayer Fe on Pd(001) as well as Pd-capped Fe films is worth performing. A monatomic Pd/Fe bilayer is the thinnest limit of the L1 0 structure and it could be regarded as a novel PMA material with the thinnest thickness. We previously reported that a spin reorientation transition (SRT) occurs from the perpendicular to the in-plane direction with increasing Fe thickness for Fe/Pd(001), while no such SRT occurs for 1 ML Pd-capped Fe/Pd(001); however, the microscopic origin of the magnetic anisotropy remained unsolved. 24 In this paper, detailed experimental and theoretical studies of interface atomic structures, magnetic anisotropy, and electronic structures of Fe and Pd/Fe monatomic films on Pd(001) are presented. In order to analyze the interface atomic structures, quantitative low-energy electron diffraction analysis (LEED I -V ) was carried out. To clarify the magnetic anisotropy, XMCD spectroscopy experiments were performed. XMCD spectroscopy provides useful information on the magnetic properties in an element-specific way. In addition, first-principles calculations were carried out to study the magnetic anisotropy and electronic structures of Fe and Pd/Fe monatomic films.
II. METHODS

A. Sample fabrication
The Pd(001) single crystalline substrate (10 mm in diameter) was cleaned by repeated cycles of Ar + bombardment at 1 kV and annealing at 973 K for 10 min in ultra-high vacuum (UHV). Prior to the film growth, Auger electron spectroscopy (AES) was performed to confirm negligible amounts of contaminants. Fe and Pd were deposited onto the substrate at RT (310 K) via an e-beam evaporation source. The deposition rates of Fe and Pd were 0.3 and 0.2 ML/min, respectively, which were calibrated using the specular spot intensity oscillations in reflection high-energy electron diffraction (RHEED) measurements. Clear RHEED oscillation was observed for both Fe deposition on Pd(001) and Pd deposition on Fe/Pd(001), which confirms the layerby-layer growth. Film thickness was cross-checked by the intensity ratio of Fe LMM (651 eV) with respect to Pd MNN (330 eV) in the AES spectra. In order to study the thickness dependence of the magnetic properties and magnetic moments, a wedge-shaped film was prepared for XMCD experiments. Homogeneously deposited films were also used for the LEED I -V experiment. All of the experiments were performed under UHV conditions in order to avoid surface contamination and oxidation.
B. LEED I-V experiment
For the LEED I -V measurements, the incident electron beam energy was scanned from 50 to 400 eV in 2 eV steps. The intensities of two inequivalent beams [(10) and (11)] were extracted, and the total energy range (E T ) considered was 590 eV. The experimental I -V curves were normalized using the incident electron beam current, and the intensities of symmetrically equivalent beams were averaged. The LEED I -V calculation was performed using the Barbieri/Van Hove SATLEED package. 25 The angular momentum of the phase shift of Fe and Pd was considered up to 12 and the thermal effect was included. Pendry's R factor (R P ) was employed to estimate the reliability of the calculated I -V curves. 26 The error of R P (δR P ) is defined as δR P = R P √ 8|V 0i |/E T , where V 0i is the imaginary part of the inner potential. The initial value of V 0i was set to −4 eV, which is a typical value for LEED I -V calculation. The error of the interlayer distance (δd) was defined as the distance variation in the range of δR P .
The averaged T-matrix approximation (ATA) was adopted for taking into account a possible intermixing between Fe and Pd atoms at the interface. ATA is generally used for randomly mixed systems such as the disordered alloy, where the pseudoelement atoms are assumed for the alloying. 27, 28 The scattering T matrix of the pseudoelement is given as the weighted average of the T matrices of several elements present. The structural models used in the calculation are shown in Fig. 1 . The in-plane lattice constant (d a ) was set to be the same as that of fcc Pd (2.75Å). The averaged T-matrix element of the pseudoelement is defined as shown in Eq. (1):
where t n pseudo , t Fe , and t Pd are the T-matrix elements of the pseudoelement in the nth, Fe, and Pd layers, respectively, and 
C. XAS and XMCD experiments
X-ray absorption spectroscopy (XAS) and XMCD experiments were performed at HiSOR-BL14 of Hiroshima Synchrotron Radiation Center (HSRC), Hiroshima University. 29, 30 XAS spectra were acquired via the total electron yield method by measuring the sample drain current. During the XMCD experiment, the sample was cooled using liquid N 2 and the base pressure was below 5.0 × 10 −8 Pa. The sample was magnetized using either (i) a pulsed magnetic field (Helmholtz coil, 0.2 T), (ii) the electromagnet (EM, 0.3 T), or (iii) the permanent magnet (PM, 1.3 T). The Helmholtz coil, EM, and PM were used in the XMCD experiment for the remanent magnetization, M-H curve measurement, and quantitative analysis of magnetic moments, respectively. The degree of circular polarization (P c ) of the incident photon was 0.8 in the Fe L 2,3 core absorption region. For all the XMCD experiments conducted here, the sample magnetization direction was switched, while the incident photon helicity was fixed, in order to observe the dichroic signal. In the XMCD experiments using the PM, the magnetic field was switched parallel and antiparallel to the photon helicity at each photon energy. The element-specific M-H (ESMH) curves were obtained by measuring the sample drain current at the Fe L 3 edge.
D. First-principles calculation
The present first-principles calculation is based on the generalized gradient approximation 31 in Kohn-Sham theory. 32 The fully relativistic pseudopotential approach developed previously was employed. 33 The wave functions demonstrate twocomponent spinor form 34 and are determined self-consistently with the effect of spin-orbit interaction (SOI) embedded in the pseudopotential, 35 which is the primary origin of magnetic anisotropy. Energy cutoffs of 30 and 300 Ry were taken for the wave functions and densities, respectively. 36 For surface relaxations, atomic forces deduced from the wave functions were used, including the SOI effect. The magnetic anisotropy energy (MAE) derived from the SOI (E SO ) was estimated to be the difference between the total energies defined by E lmn when the system is magnetized along the [lmn] direction. Thus E SO can be defined as E SO = E 100 − E 001 . The contribution of MAE from the magnetic dipole-dipole interaction (E D ) was also considered. 37 In the self-consistent electronic structure calculations, a 30 × 30 × 1 mesh was used in k-point sampling. 38 All of the MAEs are estimated using a fixed atomic configuration for the relaxed surface systems. The spin and orbital magnetic moments on the atoms (m spin and m orb , respectively) were estimated within a sphere of radius of 1.32Å for both Fe and Pd atoms.
The MAE values were calculated for 1 ML Fe/Pd(001), 2 ML Fe/Pd(001), 1 ML Pd/1 ML Fe/Pd(001), and 2 ML Pd/1 ML Fe/Pd(001). The substrate has a (001) surface typical of fcc Pd (a fcc = 3.89Å) comprised of five MLs in the present model systems. It was assumed that the Fe atoms sit on all of the fourfold hollow sites of Pd(001) and that the Pd atoms are placed at the hollow sites of the Fe layer. The unit cell contains six (Fe, 5 Pd), seven (2 Fe, 5 Pd; or Fe, 6 Pd), or eight (Fe, 7 Pd) atoms for 1 ML Fe/Pd(001), 2 ML Fe/Pd(001), 1 ML Pd/1 ML Fe/Pd(001), and 2 ML Pd/1 ML Fe/Pd(001) systems, respectively. The atomic coordinates of the surface were relaxed except for the three bottom layers of the substrate. A vacuum layer about 11.4Å thick is assumed in these slab models.
III. RESULTS AND DISCUSSION
A. Interface atomic structures
In order to elucidate the interface atomic structures of Fe and Pd/Fe films on Pd(001), LEED I -V experiments were performed. Figure 2 shows the LEED patterns of Pd(001), Fe/Pd(001), and Pd/Fe/Pd(001) measured at RT. Spots for (10) and (11) First, the interface atomic structure of the Fe-coated surface was investigated to see whether intermixing occurs. In Fig. 3(a) , the experimental LEED I -V curves for the (10) and (11) spots of 1 ML Fe/Pd(001) are shown with solid lines. For the (10) spot, two remarkable intensity maxima appear around 68 and 136 eV and several peaks are observed in the energy range of 50-310 eV. On the other hand, for the (11) spot, four intensity maxima appear in the energy range of 70-400 eV. The calculated I -V curves with Fe-Pd intermixing reproduce the experimental results for both (10) and (11) spots well, as denoted with dashed lines. Thus, the minimum R factor (R P = 0.32) and the error (δR P = 0.08) for the interface atomic structure were found, as shown in Fig. 3(c) . The most probable composition of Fe is 35% in the surface (S1) layer and 65% in the subsurface (S2) layer, which indicates a sizable amount of intermixing at the Fe-Pd interface. A value of R P = 0.32 is acceptable for this kind of random surface alloy. 39 Note that the variation of the lattice parameters without intermixing is insufficient to find a reliable R P . The relative interlayer relaxation for 1 ML Fe/Pd(001) is listed in Table I . The resultant values for the Fe composition are similar to those previously reported by Lee et al. (35 ± 15% in the S1 layer and 90 +10 −15 % in the S2 layer). 16 The interface atomic structure of the 1 ML Pd-capped Fe/Pd(001), which can be regarded as the thinnest case of the L1 0 structure, was also investigated. The observed I -V curves (solid lines) were found to be markedly different from those without Pd capping. For the (10) spot, the intensity ratio of the two peaks around 68 and 136 eV is interchanged with respect to those for 1 ML Fe/Pd(001). For the (11) spot, two peaks around 250 and 358 eV are predominant, while the peaks below 200 eV are suppressed compared to those for 1 ML Fe/Pd(001). At first, the calculated I -V spectra were obtained under the assumption that intermixing occurs in only three layers (S1, S2, and S3) and without temperature correction due to computational restrictions. However, no sizable amount of intermixing between the Fe and the Pd overlayer was found. Therefore, a pure Pd overlayer was assumed in the calculation when temperature correction was taken into account. This assumption can be justified by the fact that Pd has a lower surface free energy (2.04 J/m 2 ) than that of Fe (2.94 J/m 2 ). 40 The sharp LEED patterns after Pd deposition also support this assumption [see Figs. 2(d) and 2(e)] because surface intermixing could cause diffuse LEED spots and enhance the background intensity, as is observed in Figs. 2(b) and 2(c). R P = 0.31 and δR P = 0.08 for the interface atomic structure shown in Fig. 3(d) . The Fe composition of the S2 and S3
layers is 10% and 90%, respectively, as shown in Table I 17 In the present results, intermixing occurs at 310 K (RT for the present experiment); however, it cannot be excluded that the critical temperature for the onset of intermixing could be located in the narrow temperature window between 300 and 310 K. With this Pd/Fe/Pd(001), an almost perfect Pd-sandwiched Fe monolayer has been successfully fabricated. By clarifying the growth mechanism, it brings about the opportunity to fabricate the self-assembled Pd/Fe/Pd sandwiched monatomic structure.
B. Magnetic properties
An attempt to clarify the magnetic anisotropy of Fe monatomic films on Pd(001) without and with a Pd capping layer was made by measuring the ESMH curves and the angledependent XMCD spectra of the remanent magnetization. Figure 4 shows the Fe L 3 edge ESMH curves for Fe/Pd(001) and Pd/Fe/Pd(001) measured at 89 K. The normalization procedure introduced by Goering et al. was used to remove the background signal. 41 The spikes observed in the ESMH curves around zero magnetic field are extrinsic, but originate from the return of the photoelectron to the sample. The easy magnetization axis was found to be perpendicular to the surface for the 0.7 and 1.0 ML Fe/Pd(001) samples and is in-plane at 2.0 ML, as shown in Fig. 4(a) . In Fig. 4(b) , on the other hand, the easy axis is always oriented along the in-plane direction for Pd/Fe/Pd(001). Figure 5 shows the thickness dependence of the Fe L 3 edge XMCD intensity obtained under remanence magnetization conditions (0 T). As shown in Fig. 5(a) , the perpendicular magnetization appears in the low coverage region (t 1.2 ML) and abruptly disappears above 1.2 ML for Fe/Pd(001). Conversely, as shown in Fig. 5(b) , the in-plane magnetization appears throughout the whole Fe thickness range for Pd/Fe/Pd(001). Thus, the Pd overlayer obviously affects the magnetic anisotropy of Fe. The negligible XMCD intensity below 0.5 ML is considered to be due to the disappearance of the ferromagnetic order due to a reduced Curie temperature.
In order to reveal the relationship between the magnetic anisotropy and the magnetic moment, the Fe thickness dependence of the XMCD spectra was measured, and the magnetic moments were evaluated with the use of magneto-optical sum rules.
43,44 Figure 6 shows typical Fe L 2,3 edge XAS and XMCD spectra for 0.9 ML Fe/Pd(001) acquired under a perpendicular magnetic field of 1. dichroic signals. In Fig. 6(b) , a clear XMCD signal appears with negative and positive signs at the L 3 and L 2 edges, respectively. The background signal from the Pd substrate has been subtracted from the XAS spectra [ Fig. 6(a) ]. For the sum-rule analysis, the Fe 3d hole number was assumed to be 3.39. 42 The magnetic dipole moment (m T ) is effectively included in m An attempt was also made to detect a magnetic signal from the Pd substrate. Figure 8 shows the XAS and XMCD spectra of Fe/Pd(001) at the Pd M 2,3 edges measured with a perpendicular magnetic field of 1.3 T. In Fig. 8(a) , two white lines appear at photon energies of 529 and 556 eV corresponding to the M 3 and M 2 edges, respectively. Weak but finite intensity differences appear at the M 2 and M 3 edges for different magnetization directions. The Fe thickness dependence of the XMCD spectra at the Pd M 2,3 edges is shown in Fig. 8 moments on the Pd atoms. The observation of the same polarity in the XMCD spectrum as that at the Fe L 2,3 edges suggests that the Fe and Pd magnetic moments are ferromagnetically coupled. Since the Pd M 2,3 XMCD is more pronounced with increased Fe coverage, it is concluded that the Pd 4d magnetic moment is induced mainly at the Fe-Pd interface.
C. First-principles calculation
In order to get more insight into the origin of the magnetic anisotropy from the standpoint of electronic structure, a first-principles calculation was performed. Four slab models were examined. The 1 ML Fe/Pd(001) and 2 ML Fe/Pd(001) slabs were considered here to demonstrate the Fe thickness dependence of the magnetic anisotropy. A 1 ML Pd/1 ML Fe/Pd(001) slab was studied as an ideal Pd/Fe bilayer film. And finally, a 2 ML Pd/1 ML Fe/Pd(001) slab was assumed to be analogous to the actual structure of 1 ML Pd-capped 1 ML Fe/Pd(001) as determined by the LEED I -V experiments [see Fig. 3(d) ]. Here, the Pd atoms contained in the slab are distinguished with the following notations; the capping layers Pd(c1) and Pd(c2), the substrate layer adjoining the Fe layer Pd(s1), and the second and third next-adjoining layer Pd(s2) and Pd(s3). The optimized interlayer distance in each slab is listed in Table II Magnetic anisotropy energies (MAEs) in each slab are summarized in Table III . The MAE caused by the spin-orbit interaction (E SO ) is positive in 1 and 2 ML Fe/Pd(001), as well as 2 ML Pd/1 ML Fe/Pd(001). On the other hand, E SO is negative in 1 ML Pd/1 ML Fe/Pd(001). The magnetic dipole-dipole interaction energy (E D ) for 2 ML Fe/Pd(001), which prefers in-plane magnetic anisotropy, is twice as large as that in the 1 ML Fe/Pd(001) due to the doubled Fe magnetic moment in the slab because the main component of E D comes from the large spin magnetic moment of Fe (see Table IV ). As a result, the net magnetic anisotropy energy E = E SO + E D is positive in 1 ML Fe and 2 ML Pd/1 ML Fe and negative in 2 ML Fe and 1 ML Pd/1 ML Fe. This means that PMA is preferred for 1 ML Fe and 2 ML Pd/1 ML Fe, while in-plane magnetic anisotropy is stabilized for 2 ML Fe and 1 ML Pd/1 ML Fe. The theoretical PMA is inconsistent with the experimental result for 1 ML Pd-capped 1 ML Fe/Pd(001), which prefers in-plane magnetization, and with actual interface structure as shown in Fig. 3(d) .
The calculated spin (m spin ) and orbital (m orb ) magnetic moments in each system are compiled in Table IV . Of note is that m spin does not depend on the magnetization direction, while m orb shows a marked difference along two magnetization directions. In particular, m orb for the 1 ML Fe/Pd(001) is enhanced by about 15% along the [001] direction as opposed to the [100] direction. The induced spin magnetic moment of about 0.32-0.34μ B for the interface Pd in the calculation qualitatively explains the experimental Pd M 2,3 XMCD spectra in Fig. 8(b) . The spin moments at the Pd(c1) and Pd(s1) layers adjoining to the Fe layer are obviously enhanced compared to those at the next-adjoining layers Pd(c2) and Pd(s2). The orbital magnetic moment is enhanced in the surface Fe [in the 1 ML Fe/Pd(001) system] compared to that of the embedded Fe [in the 1 and 2 ML Pd/1 ML Fe/Pd(001) systems], which is due to reduced coordination at the surface. 
D. Discussion
In discussing the relationship between the interface atomic structures and the magnetic anisotropy of monatomic Fe and Pd/Fe on Pd(001), the focus is placed upon 1 ML Fe/Pd(001) and 1 ML Pd-capped 1 ML Fe/Pd(001) (2 ML Pd/1 ML Fe/Pd(001) in the calculation), because their magnetic properties and atomic structures were established above. As for the magnetic anisotropy shown in Figs. 4 and 5, the PMA in Fe/Pd(001) is observed to appear only below a critical Fe thickness and the easy axis is changed to the in-plane direction above 1.2 ML. On the other hand, in the presence of the Pd overlayer, it exhibits in-plane magnetic anisotropy below 2 ML. Thus it is revealed that perpendicular magnetization is more stable for 1 ML Fe/Pd(001), while in-plane magnetization is favored in 2 ML Fe/Pd(001) and 1 ML Pd-capped Fe/Pd(001). However, no PMA was observed in the previous SMOKE experiment on Fe film grown on Pd(001) at RT. On the contrary, PMA has been observed in Fe/Pd(001) grown at low temperature. 18, 19 As argued in several previous studies on the interface structures of Fe/Pd(001), it is considered that intermixing between Fe and (Fig. 3) . These values are similar to the interlayer distances in an L1 0 -ordered FePd alloy (1.86Å). 45 Therefore, by considering intermixing and interlayer distances, it is concluded that an L1 0 -like ultrathin film structure and PMA are realized in 1 ML Fe/Pd(001).
The magnetocrystalline anisotropy energy E SO is known to be proportional to the difference between the perpendicular and parallel components of the orbital magnetic moment (m ⊥ orb − m orb ). 46 Note that this relationship is found to be applicable to pure magnetic films with a large exchange splitting, 47 but it fails to explain the magnetic anisotropy of compounds. 48 Although an extended formula for this relationship has also been derived, 49 it seems too complicated Table IV , the induced magnetic moments at Pd atoms seem to play an important role in the magnetic anisotropy because the difference of m orb at the interface Pd [Pd(c1) and Pd(s1)] with two magnetization directions is comparable to that at Fe. In addition, the sign in the difference of m orb at Pd atoms is opposite to that at Fe. Experimental quantification of the magnetic moment at the interface Pd would help to unveil the origin of the magnetic anisotropy. By the way, the origin of the same size of m ⊥ orb [ Fig. 7(b) ] may be attributed to the intermixed interface structure which results from the unchanged Fe local coordinates with or without the Pd capping. This speculation is theoretically supported by the obviously enhanced m orb for the surface Fe atoms compared to the embedded Fe atoms as shown in Table IV .
The chemical order (CO) of the alloy affects its magnetic anisotropy. The degree of the CO is defined as d CO = |n Fe − n Pd |, where n Fe and n Pd are Fe-atom occupations at the correct Fe and Pd sites in the L1 0 structure, respectively. By following this definition, d CO = 0.3 in Fe/Pd(001) and d CO = 0.8 in Pd/Fe/Pd(001) here. Kamp et al. reported a correlation between the magnetic anisotropy and the CO in FePd alloy films on MgO(001). 10 They obtained an increase in the Fe 3d orbital magnetic moment with increasing d CO . In the present case, however, no remarkable difference in Fe 3d orbital moments is found between Fe/Pd(001) and Pd/Fe/Pd(001) as shown in Fig. 7(b) , although the d CO differences are noticeable. This discrepancy may come from the different film thickness; i.e., 300Å in Ref. 10 and monatomic film in the present study. This indicates that the CO of the alloy is not particularly important in determining the orbital magnetic moment in the monatomic regime. It also seems that the d CO is not the crucial parameter in determining the magnetic anisotropy in the monatomic regime because the PMA is stable in the L1 0 -like structure with a low d CO . It is likely that local hybridization between the Fe 3d and Pd 4d orbitals is more important than long-range order of the crystalline structure in the exhibition of uniaxial magnetic anisotropy by the L1 0 -like FePd monatomic film.
The relationship between the tetragonal distortion and the magnetic anisotropy is discussed next. 50 In an Fe/Pd system, the lattice constants of fcc Pd and fcc Fe are 3.89 and 3.59Å, respectively.
14 In order to maintain the atomic volume, the out-of-plane lattice constant of the Fe film contracts. Then, a face-centered-tetragonal (fct) FePd alloy appears on the Pd(001) surface, as shown in Figs. 3(c) and 3(d) . In 1 ML Pd-capped 1 ML Fe/Pd(001), the interlayer distances around the Fe-rich layer, d 23 and d 34 , are contracted by about 0.1Å as compared to those in 1 ML Fe/Pd(001). Then, the c/a ratio in 1 ML Pd-capped 1 ML Fe/Pd(001) becomes smaller than that in 1 ML Fe/Pd(001). The reduction of the c/a ratio corresponds to the difference in the easy magnetization direction as shown in Figs. 4 and 5. In bulk L1 0 FePd, a reduction in MAE is also cooperating with the decrease in the c/a ratio from c/a = 1. 51 The spin reorientation transition in Fe/Pd(001) is explained by the large E D with increasing Fe thickness, because the E D in 2 ML Fe/Pd(001) is twice as large as that in 1 ML Fe/Pd(001), as shown in Table III . The perpendicular magnetization in the L1 0 -like structure of 1 ML Fe/Pd(001) is broken up with the dominance of the dipole energy due to additional Fe magnetic moments.
Finally, the experimental and theoretical results of the Pd/Fe/Pd(001) system are compared with those of the Pt/Fe/Pt(001) system. Imada et al. reported that m spin is about 2.4μ B /Fe for 1 ML Fe sandwiched by the Pt layers under 1.4 T at 90 K. 6 This value is comparable to the present m eff spin ∼ 2.5μ B for Fe/Pd(001) and Pd/Fe/Pd(001) around an Fe thickness of 1 ML. Of note is that several points are similar in the calculated m spin and m orb of the Fe/Pd system and the Fe/Pt system. 7 The m spin of the capped Fe is slightly enhanced compared to the bare Fe in both systems. This is likely due to enhanced hybridization between the Fe 3d and Pd 4d or Pt 5d orbitals in the sandwich systems. The value of m orb of bare Fe is larger than that of the capped Fe in both systems, which might be due to the reduced atomic coordination for the bare Fe film.
IV. CONCLUSIONS
In conclusion, the interface atomic structures and magnetic anisotropy of Fe and Pd/Fe monatomic films on Pd(001) were investigated with a combination of LEED I -V , XMCD, and first-principles calculations. It was revealed that intermixing between Fe and the Pd substrate occurs at RT, and that the interlayer distances around the Fe-rich layer contract with the Pd overlayer. Fe/Pd(001) was found to exhibit perpendicular magnetization, turning to in-plane with increasing Fe thickness, and the in-plane magnetization was found to be persistently stable in Pd/Fe/Pd(001). Quantitative XMCD analysis revealed that the Fe 3d spin and orbital magnetic moments are enhanced in both bare Fe and Pd-capped Fe around 1 ML, as compared to bulk Fe. An L1 0 -like Fe-Pd interface structure is realized in 1 ML Fe/Pd(001), and it exhibits PMA, which indicates that the uniaxial magnetic anisotropy of the L1 0 -ordered alloy still exists in the ultrathin limit. On the other hand, the disappearance of the PMA in fcc-like Pd/Fe/Pd(001) indicates that tetragonal distortion of the crystal structure is key to the exhibition of PMA in these Fe/Pd systems. 
